Introduction
Hydrogen (H2) storage technologies have been actively studied in recent years to meet the future global demand for greatly increased H2 supplies. Currently, storage and transport of H2 relies on high pressure gas cylinders, but safety and efficiency continue to raise concerns. Therefore, other solutions to the problems of H2 supply and storage are strongly required.
Liquid chemical H2 storage materials or hydrogen carriers, such as methanol, methylcyclohexane and ammonia, are presently considered as a promising solution strategy 1) 3) . H2 can be incorporated into these carriers by chemical conversion for easy handling and efficient storage. In the last four decades, formic acid (FA) has been investigated as a hydrogen carrier 4) 24) , because FA is a non-toxic liquid at room temperature, contains 4.3 wt% H2, and requires little energy for interconversion between FA and H2/carbon dioxide (CO2). Our previous studies of high pressure H2 gas supply using dehydrogenation of FA without a compressor have gained global recognition 25) , 26) . In contrast, other hydrogen carriers cannot easily produce high pressure H2 gas without extra equipment and energy consumption. Such characteristics of FA are extremely important because the commercial production of high pressure H2 gas presently requires large amounts of energy for the compression process.
FA is available as a byproduct of industrial acetic acid synthesis from carbon monoxide (CO) and water, and can also be obtained by the conversion of biomass, which is a renewable resource 27) . An interesting approach is the synthesis of FA from H2 and CO2 using homogeneous catalysts 4),5), 28) , which can be regarded as a H2 storage system with CO2 utilization (Fig. 1) .
We recently reported the catalytic dehydrogenation of FA using a bipyridine-based homogeneous catalyst in aqueous media 29) , 30) . Unlike most previous findings, 
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Yuichi MANAKA 1) , Naoya ONISHI 2) , Masayuki IGUCHI 3) , Hajime KAWANAMI 3) , and Yuichiro HIMEDA 1), 2) Dehydrogenation of formic acid using half-sandwich iridium complexes with bidentate nitrogen ligands has high potential for hydrogen production, because hydrogen is formed in water without organic additive under mild reaction conditions with no CO contamination. Formic acid can be produced by hydrogenation of CO2, and therefore formic acid as hydrogen carrier leads to CO2 utilization. A series of complexes containing various diazole (imidazole and pyrazole) moieties as ligands were comprehensively evaluated as catalysts for the dehydrogenation of formic acid in water. Complexes with bidiazole without any substituent outperformed the complexes with dihydroxylbipyridine reported previously. Introduction of a methyl group as an electron-donating substituent into the diazole moiety enhanced the catalytic activity. The catalyst properties for practical use were also investigated. Simple biimidazole complexes retained their activity for at least one week at 70 in a concentrated formic acid solution. Moreover, the complex with 4,4'-biimidazole mixed with FA in a closed vessel produced high-pressure gas without significant decrease of catalytic activity, in comparison with the same reaction under atmospheric pressure. The diazole moiety on the ligand enables effective hydrogen production and is a promising basic ligand structure. our catalysts do not require any organic additive for H2 production from FA. Furthermore, our catalytic system does not generate CO, which poisons the catalysts used in fuel cells. These results indicate that our catalysts based on half-sandwich iridium complexes with bidentate nitrogen ligands have the potential to provide CO-free H2 gas.
Inspired by these results, we have improved the activity (in terms of turnover frequency, TOF) and robustness (in terms of turnover number, TON) of these complexes through modification of the bipyridine-type ligand. Specifically, enhancement of activities have been achieved by the introduction of electron-donating substituents on bipyridine 30) , the effect of the central metal 31) , the introduction of enzyme-mimicking substituents 32) , and the transformation of the complex from mononuclear to dinuclear 33) . We previously reported that a diazole moiety can act as an main ligand structure instead of pyridine, and complexes with 1,3-diazole (imidazole) efficiently catalyzed FA dehydrogenation 34) . Investigation of fivemembered ring molecules as ligands, found that imidazoline, an aliphatic analog of imidazole, acts as a highly effective moiety for FA dehydrogenation 11),35), 36) . The present study comprehensively evaluated catalytic activities and robustness of various diazole-based complexes ( Fig. 1) under various reaction conditions to obtain a new systematic catalyst design strategy. The capacity of catalyst containing diazole to generate high pressure gas was also demonstrated for practical applications.
Experimental

1. Materials
Dichloro(pentamethylcyclopentadienyl)iridium(III) dimer ( [IrCp Cl2]2) was purchased from Strem Chemicals. 2-(1H-Imidazole-4-yl)pyridine was purchased from ChemShuttle and refined by silica gel column chromatography before use. Silver sulfate was purchased from Junsei Chemical Co., Ltd. 2-Acetylpyridine, 2-aminopyridine, 2-picolylamine, 2-pyridinecarboxylic acid, di-2-pyridyl ketone, and 4-iodo-1-(triphenylmethyl)imidazole were purchased from Tokyo Chemical Industry Co., Ltd. 2-(2-Pyridyl) benzimidazole, tris{tris [3,5-bis(trifluoromethyl) phenyl] phosphine}palladium(0), glycine, iodine, and iodomethane were purchased from Wako Pure Chem. Ind., Ltd. 2-(1H-Imidazole-2-yl)pyridine and T3P ® were purchased from Aldrich. 2,2'-Biimidazole was purc h a s e d f r o m S a n t a C r u z B i o t e c h n o l o g y, I n c . 2-( P y r i d i n e -2-y l ) -i m i d a z o [1,2-a ] p y r i d i n e 37) , 1-(pyridine-2-yl)imidazo[1,5-a]pyridine 38) , 3-(pyridine-2-yl)-imidazo[1,5-a]pyridine 39) , 4,4'-biimidazole 40) , 41) , 1,1'-dimethyl-2,2'-biimidazole 42) , and [IrCp (H2O)3] [SO4] 43) were synthesized according to the respective literature procedures . Complexes 1a-b, 3, 4, 6 , 10, and 12 were synthesized according to the literature 34) .
General Synthesis and Characterization
Parameters All manipulations were conducted under an argon atmosphere. All aqueous solutions were degassed via freeze-thaw cycling prior to use. 1 H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 NMR spectrometer or a Bruker Avance 500 spectrometer. 13 C NMR spectra were recorded on a Bruker Avance 500 spectrometer. Mass spectra were recorded on a Shimadzu LCMS-2020 with electrospray ionization (ESI). Elemental analyses were conducted on a CE Instruments EA1110 instrument. Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet iS5 FT-IR spectrometer. UV/Vis spectra were recorded on a JASCO V-550 spectrometer. The pH values were measured using an Orion Model 3 STAR pH meter with a glass electrode after calibration with standard buffer solutions. CO was measured using a GC 390 (GL Sciences Inc.) instrument with a hydrogenflame ionization detector (FID) and methanizer. The gas evolved was monitored using an Agilent micro gas chromatograph (GC) with a thermal conductivity detector (TCD) to determine the H2/CO2 gas proportion. Concentration of FA/sodium formate (SF) was monitored by high-performance liquid chromatography (HPLC) using an anion-exclusion column (Tosoh TSK gel SCX(H )) with an aqueous phosphate solution (20 mM) as the eluent and a UV detector (λ 210 nm). The total volume of generated gas was determined by a gas meter (Shinagawa Corp., W-NK-05) measurement.
3. Catalytic Dehydrogenation of Formic Acid
In a typical reaction, a solution of the catalyst (100 μL, 20 mM, 2 μmol) was added to a deaerated 20 mL sample of aqueous FA solution, and the mixture was stirred at the desired temperature. The TOF values were calculated from the volume of gases produced during the first 10 min. At the end of the reaction, the residual formate anion concentration was measured by HPLC. The TON value was then calculated on the basis of the consumed FA and added catalyst amount.
4. High-pressure Gas Generation
The experiments were performed in a 100 mL glass autoclave with a back pressure valve set at 3 MPa and a pressure sensor for real-time internal pressure measure- A solution of the catalyst (100 μL, 10 μmol was added to a deaerated aqueous 8 M FA solution (80 mL), and the mixture was stirred at 70 . When the internal pressure of the autoclave reached to 3 MPa, the gases were released via the back pressure valve. The volume of the released gases was measured using a gas meter. At the end of the reaction, the back-pressure valve was released to obtain the total volume of generated gases, and the residual formate anion concentration was measured by HPLC.
5. 1 H N M R C h a r a c t e r i z a t i o n o f t h e Dehydrogenation Reaction Intermediates
The catalysts (3 mg) were dissolved in 400 μL of D2O, and 100 μL of 1 M SF/D2O solution was added. In many cases, this addition produced immediate color change of the solution. The prepared catalyst solution was measured by 1 H NMR. After the measurement, 100 μL of 0.5 M sulfuric acid/D2O solution was added to the reaction solution, and then the H2 gas was generated. After completion of the reaction, the solution was measured by NMR.
6. Synthesis of Complexes 6. 1. Synthesis of 2
A methanol solution of [IrCp Cl2]2 (0.07 mmol, 562.7 m g ) a n d 2-(1H -i m i d a z o l e -4-y l ) -py r i d i n e (0.14 mmol, 205.1 mg, 2 eq.) was stirred at r.t. for 5 days. The solution was filtered, and the filtrate was evaporated. The obtained crude product was dissolved in a small amount of methanol and then filtered. The filtrate was evaporated to provide a powder (521.2 mg, yield 68 %). 1 for 12 h. The solution was filtered, and the filtrate was evaporated. Re-crystallization from water gave a powder (84.3 mg, yield 66 %). 1 
Results and Discussion
We recently showed that iridium complexes with diazole-type ligands had effective catalytic activities for the dehydrogenation of FA without any organic additives in water 34), 35) . For further screening of diazoletype ligands, catalysts with various diazole containing ligands were prepared and investigated (Fig. 2) . The complexes coordinated aqua ligand on the iridium metal, except for 2 and 9, which coordinated chloride. Since water as a ligand replaces Cl at the iridium center immediately in an aqueous solution 33) , the presence of Cl and aqua ligands may not significantly affect the catalytic performances.
1. Pyridyldiazole Ligand
All diazole complexes were evaluated for catalysis of the dehydrogenation of FA in 1 M aqueous FA solution (pH 1.8) at 60 . Time courses of H2 generation by representative complexes are shown in Fig. 3 . At the end of the reaction, FA was completely dehydrogenated in all cases using FA solution by HPLC analysis. Gas analysis showed that the evolved gas contained CO2/H2 (1/1) (Fig. 4) without CO contamination. Table 1 shows the results of the dehydrogenation reaction. Complexes with pyridyldiazole ligands (2-4) were compared with the bipyridine complex 1a in the catalysis of 1 M FA solution (Entries 3, 6, 9 vs. 1) . The catalytic performances for pyridinyldiazole complexes (2-4) were significantly better than that of 1a. In addition, the position of the uncoordinated-nitrogen in the diazole moiety had considerable influence on the activity (Entries 3, 6, and 9) . In particular, the TOF value of 2 was comparable to that of the dihydroxylbipyridine complex 1b, which is activated by the ). The result showed that the ligand coordinated to the iridium had little effect on the catalytic activity. Consequently, replacement of a pyridine moiety by a diazole moiety had very great effects on the catalytic activities, presumably due to to the known electron-rich character of diazoles, such as imidazole and pyrazole.
Increase in the pH of the reaction solution (adjusted by the ratio of FA and SF) led to lower TOF values (Entries 2-10) . The conversions of FA were roughly Reaction was carried out in 10 mL or proportional to the amount of FA. These results of pH-dependence were similar to the findings for bipyridine-type complexes 30 ), 36) , in which the maximum TOFs were obtained at pH 1.8.
Based on the above results, the efficient imidazole moieties were modified by fusing with benzene rings on the imidazole moiety to alter the electronic state. All complexes with fused benzene moieties (5-8) showed adequate water solubility for the catalysis. In particular, 5 showed a high TOF value (Entry 11), although no improvement in the catalytic performances was observed in the other complexes 6-8 (Entries 12-15) . Further investigation of the correlation between the catalytic activity and the electronic state of the ligands is continuing.
2. Biimidazole Ligand
Complexes with biimidazole ligands 9 and 10 were investigated, because the imidazole moiety showed higher TOF than the pyrazole moiety in the pyridylazole series. The catalytic activities for biimidazole complexes 9 and 10 (Entries 16 and 17) were remarkably improved from the pyridinyl imidazole complexes 2-8. These findings show that the presence of an imidazole moiety in the ligand enhances the catalytic activity depending on the number of imidazoles.
The unsubstituted biimidazole-type complexes 9 and 10 showed higher TOF values than the proton-responsive bipyridine catalyst 1b, despite the absence of electrondonating substituents in the ligand. Therefore, four methyl substituents as electron-donating substituents were introduced on the biimidazole-type complex 10. As expected, the catalytic performance of tetramethyl complex 11 was improved significantly in comparison with 10 (Entries 17 vs. 18). The enhancement of the catalytic activity was attributed to the electron donation from the methyl group 30), 31) . Enhancement of the catalytic activity was also observed with the N-methylated biimidazole complex 12 (Entry 19). The N _ H bond in the imidazole moiety as a ligand is essential for hydrogen-bond formation between the NH group and FA in FA dehydrogenation in an organic solvent 17) , but the protons of the N _ H moieties of the ligand in 10 may not be involved in the catalytic cycle in this aqueous reaction. Presumably the water solvent in our catalytic system prevented the formation of a hydrogen bond. Therefore, we concluded that N-methylation simply enhanced the activity of the imidazole-containing catalyst.
Optimization of Reaction Conditions
The catalytic activities of diazole-type complexes were investigated under various reaction conditions. Table 2 shows the results at 80 and 100 using 2-10. The catalytic activities increased considerably, and no clear degradation was observed at below 100 .
The pH dependences of the biimidazole-type complexes 9 and 10, which had maximum activities at Reaction was carried out in 10 mL of 1 M FA solution at pH 1. pH 2.8, were different from those of pyridyldiazoletype complexes 2-4 (Fig. 5) . The difference was similar to the previous findings using imidazoline-type complexes 36) . Interestingly, the maximum TOF of 9 was 50 % higher than that of 10 at pH 2.8, but maximum TOFs of 9 and 10 were almost the same at pH 1.8. The highest TOF value of 122,000 h -1 was obtained at pH 2.8 and 100 using 9 (Entry 17). No effect of the cation of the formate, such as Na , K , and Li , was observed.
The catalytic activity of 9 was moderately affected by the FA concentration (Fig. 6) . FA was dehydrogenated completely and the stoichiometric amount of H2 was observed in all cases. Therefore, the robustness of the biimidazole-type complexes 9 and 10 was investigated in 200 mL of 8 M FA solution (Fig. 7) . TON value of 1,600,000 and complete conversion of FA was achieved with both 9 and 10. The TOF of 9 was slightly higher than that of 10 at the beginning of the reaction, but 10 dehydrogenated FA completely in a shorter time.
4. High-pressure Hydrogen Gas Production
High-pressure gas production in a closed vessel was investigated. The reaction was carried out using 9 (10 μmol) at 70 in 80 mL of 8 M FA aq. in a stainless autoclave with a back pressure valve set at 3 MPa (Fig. 8) . After the pressure was increased gradually to 3 MPa for 1.3 h, gases were released constantly during 2-10 h through the back pressure valve. Even under high pressure conditions, no significant decrease in reaction rate was observed, and the average TOF was 7500 h -1 , which was almost the same as that at atmospheric pressure (8600 h -1
: Entry 19). GC confirmed that the released gases consisted only of H2 and CO2 without CO ( 1 ppm, Fig. 9 ). After gas release ceased, only 0.9 mM FA remained in the reaction solution. The volume of released H2 (0.61 mol) agreed well with the calculated value generated from 0.64 mol of FA. The result indicated that the catalytic system has the potential to generate high-pressure H2.
5. Proposed Reaction Mechanisms
FA dehydrogenation proceeds through three steps ( Fig. 11) . In our catalytic system, when SF was added to a D2O solution of 5, the peaks of the ligand of 5 were shifted upfield, and a new peak appeared at 11.24 ppm, which indicates a metal hydride (Fig. 10) . Addition of sulfuric acid led to changes in the original complexes and disappearance of the hydride peak. The detection of hydride complex from 5 by NMR studies supported the proposed mechanism for FA dehydrogenation.
Conclusion
The catalytic activities of complexes with diazoletype ligands were investigated for FA dehydrogenation. The diazole moiety as a ligand enhanced the catalyst activity significantly. The complexes with biimidazoles enhanced the activity by more than 130-fold relative to the bipyridine catalyst, despite the absence of an electron-donating substituent on the ligand. In addition, the imidazole ligand was modified easily by a methyl substituent, which enhanced the catalytic activity by the electron-donating effect. The catalysts containing biimidazole moieties were robust for over one week of reaction. Moreover, the catalyst generated highpressure H2 gas in a closed vessel. These properties are highly desirable from industrial and economic view- 
